Abstract: The major immunogenic component of the current anthrax vaccine, anthrax vaccine adsorbed (AVA) is protective antigen (PA). We have shown recently that the thermodynamic stability of PA can be significantly improved by binding to the Von-Willebrand factor A (VWA) domain of capillary morphogenesis protein 2 (CMG2), and improvements in thermodynamic stability may improve storage and long-term stability of PA for use as a vaccine. In order to understand the origin of this increase in stability, we have isolated the receptor binding domain of PA, domain 4 (D4), and have studied the effect of the addition of CMG2 on thermodynamic stability. We are able to determine a binding affinity between D4 and CMG2 (~300 nM), which is significantly weaker than that between full-length PA and CMG2 (170-300 pM). Unlike full-length PA, we observe very little change in stability of D4 on binding to CMG2, using either fluorescence or 19 F-NMR experiments. Because in previous experiments we could observe a stabilization of both domain 4 and domain 2, the mechanism of stabilization of PA by CMG2 is likely to involve a mutual stabilization of these two domains.
Introduction
The anthrax toxin protective antigen (PA) is one of the components of the anthrax toxin, and is the major immunogenic component of the current anthrax vaccine, AVA (anthrax vaccine adsorbed).
However, AVA, which is a culture filtrate of an avirulent Bacillus anthracis strain, is still in use despite efforts toward developing a new anthrax vaccine. Current efforts are primarily focused on developing a recombinant form of PA (rPA), which has been shown to be an effective vaccine in animals. For instance, recent studies in New Zealand white rabbits have shown that rPA can be used effectively as a postexposure vaccine/therapeutic, in combination with antibiotics, protecting these animals from inhalational anthrax. 1 Structure-based design has allowed the improvement of antigens for use as vaccines, either by creating better epitopes or by improving the stability of current epitopes to various conditions (respiratory syncytial virus (RSV), for instance-see 2, 3 ). In addition, improvements in stability can be important for long-term storage and avoidance of a cold-chain. In an initial effort toward improving the thermodynamic Abbreviations: CD, circular dichroism; CMG2, capillary morphogenesis protein 2; D4, domain 4 of anthrax PA; 4-FTrp, 4-fluorotryptophan; 5-FTrp, 5-fluorotryptophan; Gdn-HCl, guanidinium hydrochloride; GST, glutathione-S-transferase; His-HDX, histidine hydrogen-deuterium exchange; ITC, isothermal titration calorimetry; MIDAS, metal-ion-dependent adhesion site; NMR, nuclear magnetic resonance spectroscopy; PA, the 83 kDa form of protective antigen; F727W, Phe727Trp; SDS-PAGE, sodium dodecyl-sulfate polyacrylamide gel electrophoresis; Trp59, W59; vWA, von Willebrand factor A domain; WT, wild type. *Correspondence to: James G. Bann; Department of Chemistry, Wichita State University, Wichita, KS 67260-0051. E-mail: jim. bann@wichita.edu stability of PA, we have shown recently that addition of the Von-Willebrand factor A (VWA) domain of the human cellular receptor for PA, capillary morphogenesis protein 2 (CMG2), 4 significantly improves the thermodynamic stability of PA. The binding interface between PA and CMG2 is comprised largely of domain 4 (D4), the receptor binding domain, and a small loop contributed by domain 2 (D2) (the domain 2 b3-b4 loop). 5 Mutation of Asp683 in D4 to Lys 6 or Ala 7 largely abrogates binding, while mutations in the D2 b3-b4 loop inhibit PA activity. 8 Herein, we have isolated D4 and have investigated the thermodynamic stability of D4, and the affinity of domain 4 for the VWA domain of CMG2. We also use a combination of fluorescence, 19 F-NMR and histidine hydrogen-deuterium exchange (His-HDX) to determine the effect of CMG2 on stability. These studies contribute to our understanding of the determinants of stability of PA and potential avenues for improving the overall thermodynamic stability of PA.
Experimental Procedures
Plasmid construction and mutagenesis pGEX-D4 plasmid was used for making the mutations in D4. 9 The following oligonucleotide primers (Sigma Genosys) forward 5 0 -CGGGATCAAGAAAA TTTTAATCTGGTCTAAAAAAGGCTATGAGATAGGA TAATTAGC-3 0 and reverse 5 0 -GCTAATTATCCTATCT CATAGCCTTTTTTAGACCAGATTAAAATTTTCTTG ATCCCG-3 0 were used to mutate Phe727 to Trp (F727W). Mutants were sequenced at the Protein Nucleic Acid Laboratory (PNACL) at Washington University in St. Louis (St. Louis, MO).
Protein expression and purification
Cells were grown in ECPM1 media at 328C in Fernbach flasks and were induced with 1.0 mM isopropyl beta-D-thio galactopyranoside (IPTG; Gold Biotechnology) at an optical density 600 nm (OD 600 ) of 3.0. At an OD 600 of $6.0 cells were harvested by centrifugation in a Beckman Allegra swinging bucket centrifuge at 48C, the supernatant removed and the pellet frozen at 2208C. Typically on the next day the pellet was resuspended in icecold PBS pH 7.4, and lysed using a Branson sonifier. The solution was centrifuged and the supernatant applied to a PBSequilibrated GST column (GE-Amersham), and cleaved using thrombin protease (Bio Pharm Laboratories, LLC, UT). Final purification was done on a Superdex-200 16/60 gel filtration column (GE Healthcare). 9 Capillary morphogenesis protein 2 (CMG2) was also purified by the same protocol, using the GST-CMG2 as described previously. 10 A nonfluorescent analog of tryptophan, 4-fluorotryptophan (4-FTrp), was incorporated biosynthetically into the VWA domain of CMG2 using the Trp auxotroph strain DL-41 as described previously. 11 Briefly, cells were grown to A600 of $3, harvested at 208C and washed three times with 0.9% NaCl, and then resuspended in new media but substituting 4-FTrp for tryptophan. Similarly, we used DL-41 to label D4 with 5-fluorotryptophan (5-FTrp) in a similar manner. The presence and purity of the proteins was determined using SDS-PAGE, and concentrations were determined using the extinction coefficients of 11920 cm 21 
Unfolding Experiments Followed by His-HDX
His-HDX studies were carried out in a manner similar to that described our previous study on the stability of PA in the presence and absence of CMG2. and are uncorrected for the isotope effect at the glass electrode. The reaction was stopped by adding 10 mL formic acid, and the protein was freed from the salts using Ultra Micro Spin C18 column (Nest Group, Southboro, MA) as per the manufacturer's instructions and dried in a Speed Vac. The protein was then redissolved in 50 mL 100 mM ammonium bicarbonate and digested by Lys-C at a substrate/enzyme ratio of 16/1 (w/w) for 60 min at 258C. The reaction was stopped by adding 5 mL formic acid and dried in a Speed Vac. Prior to MS analysis, the dried samples were redissolved in 100 mL of 0.1% formic acid/50% methanol in H 2 O, which promotes deuterium to protium exchange at rapidly exchangeable sites (deuterons that are bound to heteroatoms such as oxygen and nitrogen). The samples are then subjected to flow injection MS analysis as described below.
Mass spectrometry
The samples prepared above were analyzed using a QStar Elite quadrupole/time-of-flight mass spectrometer equipped with a TurboIonSpray V R ion source (AB Sciex, Framingham, MA, USA). A 10 lL aliquot of each sample was injected into a flowing carrier stream consisting of 0.1% formic acid/50% methanol at 20 lL/min, which was directly introduced into the ion source of the mass spectrometer. A Shimadzu LC-20AD pump (Columbia, MD, U.S.A.) was used to deliver the carrier solvent. Mass spectra (from m/z 1000 to 1200) were acquired in the time-of-flight mass analyzer with 1 sec accumulation time. Analyst QS software (version 2.0, AB Sciex) was used for instrument control, data acquisition, and data processing.
Calculation of HDX rate constant (k HDX ) on His616 and c m value
The pseudo-first-order rate constant (k) of the HDX reaction on His616 was determined by monitoring the changes in the ratios of the M 1 1/M isotopic peak of the Lys-C peptide containing His616 (EAHREVINS-STEGLLLNIDK) before and after the HDX reaction 13 and the values were corrected upward to offset the decreased solvent concentration due to the volume effect of Gdn-HCl as described previously. 4 The corrected HDX rate was plotted against the concentration of Gdn-HCl. From the plot, the midpoint (C m ) of the Gdn-HCl-induced unfolding transition was estimated by fitting the denaturation curve to a two-state model using Origin Graphing software (version 8.5.1, OriginLab, Northampton, MA) using the following equation.
where A 1 is the minimum rate constant at 0M GdnHCl concentration, A 2 is the maximum rate constant at the highest Gdn-HCl concentration, x 0 is the point of inflection, and d x is the change in x corresponding to the most significant change in y values.
Far UV CD experiments
Circular dichroism analysis on both WT D4 and F727W D4 were done using a Jasco J810 spectropolarimeter. The concentrations of WT D4 and F727W D4 were 12 mM each in 5 mM Bis-Tris/HEPES/cacodylate (BHC), pH 8.0 at 58C, and spectra were recorded using a 0.05 cm cylindrical pathlength cell.
Response time and scan speed were 2 s and 20 nm/ min, respectively.
Isothermal titration calorimetry (ITC)
ITC studies were carried out using an ITC 200 Micro calorimeter at 208C. All the measurements were done in 20 mM HEPES pH 7.4, 1 mM MgCl 2 at a concentration of 20 mM D4, injecting increasing concentrations of CMG2 in a series of 20 3 2 mL injections of 200 lM CMG2. Raw data were corrected for the heat of dilution for the titrant. Data were fit to a one-site binding model using the Microcal software.
Binding of F727W D4 to 4-FTrp-CMG2 using fluorescence
Binding experiments were done using a Cary Eclipse spectrophotometer equipped with Peltier cooling system maintained at 208C. F727W D4 (0.5 lM) was incubated overnight with increasing concentrations of 4FTrpCMG2 in separate tubes (final volume 250 lL) and the emission spectra were collected with excitation at 295 nm. The emission maximum (350 nm) was plotted as a function of CMG2 concentration and the fraction bound was calculated. The data were fit to the nonlinear least squares equation: 14 Stability studies by 19 
F NMR
A Varian INOVA 400 MHz spectrometer equipped with inverse tunable probe tuned to fluorine was used to obtain the spectra. Protein concentrations were at 100 lM in 20 mM Tris, 150 mM NaCl at pH 8.0 for 5-FTrp-F727W D4 alone and the CMG2 concentration was in a twofold excess to ensure complete binding to 5-FTrp-F727W D4. 5-FTrp-F727W D4 and CMG2 were complexed together for 2 h, urea was added to a final concentration of 3M and the samples were incubated for another 3 h. D 2 O was added to a final concentration of 10% for a frequency field lock and the total sample volume was 500 lL. Spectra were obtained using a 908 pulse width with a recycle delay of 5 s, and we used a coaxial insert containing 0.25 mM p-fluorophenylalanine in H 2 O for referencing (r 5 240.18 ppm). For complete unfolding, 10M urea was added (215 lL) to a final concentration of 6M urea and incubated for 3 h. All spectra represent 8192 transients processed with 30 Hz line broadening. All spectra were recorded with a variable temperature setting of 208C.
Results

Structural evaluation of F727W D4
In order to determine the influence of CMG2 on the stability of D4, we needed to evaluate the stability of D4 in such a way that we could spectroscopically isolate D4 from CMG2. D4 contains no tryptophans, and thus we decided to add a tryptophan at position 727 (Fig. 1) . Based on the small changes in cavity surface density in Pymol (v1.3), we anticipated that the effect on the structure of D4 would be minor. The far-UV circular dichroism (CD) spectrum of F727W D4 was similar to the WT D4, indicating little change in structure [ Fig. 2(A) ]. Because D4 contains no tryptophans naturally, we used 277 nm excitation for our fluorescence experiments on WT D4 alone and F727W D4, monitoring emission at 305 nm [ Fig. 2(B) ]. The shapes of the two curves are different, likely due to the presence of the Trp chromophore dominating the fluorescence of F727WD4 versus the WT D4, which again has no tryptophans. Measurement of the fluorescence of F727W D4 through excitation at 295 nm gave an almost identical urea dependence as the data exciting at 277 nm [see Fig. 5(A) ]. Nonetheless, the C m (midpoint in the denaturation curve) value was higher for F727W than WT D4 (C m WT D4 5 2.9 6 0.2M, C m F727W D4 5 3.7 6 0.3M)-[ Fig. 2(B) ].
Binding of F727W D4 to CMG2
In previous studies of D4, we found that the stability to temperature could be monitored effectively using CD. Because of the nature of the CD of D4 (which appears largely unfolded), and the fact that we would need to use an excess of CMG2 to ensure complete binding, the CD would necessarily be dominated by CMG2 (we showed in our previous study that despite an unfolded CD spectrum, the protein was mostly folded as assessed by crystallography and 2-dimensional heteronuclear NMR experiments 9 ).
Here, we have chosen to measure stability using chemical denaturation with urea, monitoring the fluorescence of the tryptophan in F727W D4. CMG2 also contains a single tryptophan (W59- Fig. 1 ), and we anticipated that there would be a significant contribution of W59 to the overall fluorescence when both D4 and CMG2 were combined. However, we reasoned that the fluorescence contribution from showing Phe727 (yellow sticks), and surfaces using the cavities and pockets algorithm in Pymol which displays cavities (empty space) in domain 4. In (C), we changed Phe727 to Trp (cyan sticks) using the mutagenesis algorithm in Pymol, and used again the cavities and pockets surface rendering to show that "virtual" mutation of Phe727 to Trp did not change the cavity structure. Structures were generated using Pymol v1.3.
W59 in CMG2 could be largely removed through the biosynthetic incorporation of the non-fluorescent analog of tryptophan, 4-fluorotryptophan (4-FTrp). This has been used in previous work to act to silence the fluorescence of other proteins.
4,15
Figure 3(A) shows the emission spectrum (Ex 295 nm) of 4-FTrpCMG2, F727W D4 and the complex (F727W D4:4-FTrpCMG2, 1:2). The spectrum shows an increase in the intensity of F727W on binding to 4-FTrpCMG2 that is slightly blue shifted. The amplitude of the change was large enough that we could use the increased intensity to measure the binding of 4-FTrpCMG2 to F727W D4 [ Fig. 3(B) ]. We added increasing concentrations of CMG2 to a constant amount of D4, and half-maximal saturation was achieved at a concentration of $300 nM. Fitting of the data to a one-site binding isotherm also gave a K D of $300 nM. We note that the binding constant between D4 and CMG2 is significantly weaker than that between the full-length PA and CMG2 ($170 pM). 16 We also conducted isothermal titration calorimetry (ITC) experiments to determine the affinity of D4 to CMG2, but due to the large amounts of protein needed, we could only get a stoichiometry of binding, which was $1:1 (Fig. 4) .
Stability of F727W D4 in the presence and absence of CMG2
To determine the influence of CMG2 on stability of F727W D4, we again used fluorescence, monitoring the effect of urea on the unfolding of F727W D4 in the presence and absence of a five-fold excess of 4-FTrpCMG2 [ Fig. 5(A) ]. At this ratio, saturation was reached in our fluorescence experiment and was well above (2.5 lM) the measured K D . Again using fluorescence to monitor unfolding, but this time exciting at 295 nm and following the emission at 350 nm, the unfolding of the complex as a function of urea concentration showed a single transition with a C m of 3.14 6 0.2M. This was less than the C m of F727W D4 alone (3.45 6 0.2M). Interestingly, we also followed the urea denaturation of 4-FTrpCMG2 alone, and its profile matched that of F727W D4 [C m $3.47 6 0.7M urea, Fig. 5(B) ]. In any case, these data indicate that there is no significant improvement to the stability of F727W D4 on binding to CMG2. In our previous study on the effect of CMG2 on the stability of PA, we utilized His-HDX to monitor the unfolding of PA as a function of Gdn-HCl. The rate constant of His-HDX (k HDX ) is on the order of days, necessitating the use of Gdn-HCl versus urea. 4 In that study, the C m of His616, measured by following the k HDX , was 1.08M Gdn-HCl when PA was bound to CMG2, versus PA alone which was $0.5M Gdn-HCl. Here, we carried out a similar study using the isolated D4 [ Fig. 5(C) ]. As with our fluorescence study, we do not observe an increase in stability, in fact the C m is slightly lower for D4 bound to CMG2 versus D4 alone (0.72 vs.0.77M Gdn-HCl, respectively). However, we observe that at 0M Gdn-HCl the rate of His-HDX of D4 alone is $23 faster than D4 bound to CMG2 (0.003 vs. 0.0015 h 21 ), suggesting greater protection from the bulk solvent of the side-chain of His616 when CMG2 is bound.
19 F-NMR evaluation of the stability of D4 in the presence and absence of CMG2
In order to confirm that the lack of stabilization was not due to the spectroscopic method used to determine stability, we decided to use fluorine NMR ( 19 F-NMR) to follow the stability of 5-fluorotryptophan (5-FTrp)-labeled F727W D4 in the presence and absence of CMG2. 19 F-NMR is capable of following the side-chain environment of labeled residues, and has been used extensively to follow the folding of proteins. 11, 17, 18 In previous studies, we labeled fulllength PA with 5-FTrp, and could follow the unfolding of the 5-FTrpPA as a function of urea using 19 F-NMR 11 (because there are no tryptophans in D4, we could not follow structural changes in that domain). In a similar manner, we labeled F727W D4 with 5-FTrp, and evaluated the stability of D4 at 0 and 3M urea, the latter being close to the midpoint in the denaturation curve measured using fluorescence. The 19 F-NMR spectra are shown in (Fig. 6) .
First, 5-FTrpF727W D4 exhibits two resonances for a single tryptophan, a sharp resonance at $250.5 ppm and another, smaller and broader resonance at 249.6 ppm. The chemical shifts or amplitudes of these peaks do not change significantly in the presence of a twofold excess of CMG2 (100 lM D4: 200 lM CMG2), suggesting that if the two resonances are in conformational exchange, there is no preference for one exchange state versus the other for binding. At 3M urea, three resonances are observed-a native resonance at 250.2 ppm, another resonance at 249.5 that we have characterized as an "intermediate" (see "Discussion") and an unfolded resonance at 249.2 ppm (see inset, 6M urea). Although the intensities of the resonances are different (likely due to small differences in protein concentration), the ratio of unfolded to native did not change significantly between 5-FTrp-F727W D4 alone (3.2) versus 5-FTrp-F727W D4 1 CMG2 (2.7). These data support the fluorescence data indicating that CMG2 has little stabilizing influence on the structure of isolated F727W D4.
Discussion
Previous studies have shown that full-length anthrax PA is significantly stabilized by binding to the VWA domain of the host cellular receptor CMG2, and that this stabilization extends well beyond the D4-D2 interface. 4, 11 However, the mechanism of the increased stabilization is not understood. In this study, we investigated the stability of the isolated D4 in the presence and absence of the VWA domain of CMG2. D4 comprises the largest binding interface between PA and CMG2, 5 burying $1300 Å 2 of surface area. We show here that addition of CMG2 to isolated D4 has little to no impact on the thermodynamic stability of D4. Binding interactions between proteins have been shown to increase stability, and typically vary with the strength of the interaction at the binding interface. 19 Although the binding interface buries a significant amount of surface area, mutation of D50A in CMG2, which assists in coordinating the manganese metal ion, completely abrogates binding to PA, 20, 21 indicating that the strength of the interaction is largely dependent on metal coordination. We also noticed that in the presence of CMG2, there is a small decrease in stability, as evidenced by a shift in the denaturation curves toward lower concentrations of denaturant. This seems to be independent of the type of experiment carried out, using either fluorescence experiments or His-HDX. However, in the His-HDX experiments, at 0M Gdn-HCl concentrations there is a slower rate of exchange when bound to CMG2, indicating that His 616 is more protected from the bulk solvent in the bound form. Thus, while the denaturation experiments suggests a slight destabilization, the His-HDX experiment indicates that at least in the absence of chemical denaturant, His616 may be in a less solvent exposed and perhaps more folded environment when bound to CMG2.
In the 19 F-NMR experiments, we also observe an additional small resonance that is shifted downfield from the major native resonance. This additional resonance (249.5 ppm) is unlikely to be due to an impurity in the sample, since the unfolded state in 6M urea showed the presence of only a single well defined resonance (inset, Fig. 6 ). At this time we can only speculate on the origin of this resonance. One possibility is that the tryptophan is flipping between two states, one that is buried and the other that is exposed, which may occur through rotation around the C b of tryptophan. Another possibility is that it's a reflection of a partially unfolded form of D4. At 3M urea, the midpoint of the denaturation curve, we observe three resonances, a native resonance at 250.2, an intermediate resonance at 249.5 ppm and the unfolded at 249.3 ppm. In preliminary experiments exploring the determinants of stability of D4, we found that mutation of the buried tyrosine 642 to Phe somewhat destabilized D4. Tyr 642 forms a hydrogen bond to His616, and this hydrogen bond lies at the interface of the beta-sandwich of D4. Using temperature-dependent CD, we observed two distinguishable transitions for this mutant, with the midpoint between the two transitions matching the midpoint of unfolding of isolated WT D4. The transition could be fit using a three-state Unfolded > Intermediate > Native transition, indicating the presence of a stable intermediate in the unfolding of this mutant (manuscript in preparation). While more experiments are needed to understand the nature of the intermediate, it may be an indication of the loss of the His616-Tyr642 hydrogen bond. How then does CMG2 increase the thermodynamic stability of PA? In the full-length PA, in addition to D4, D2 contributes to the binding interface via the D2 b3-b4 loop, which sits in a small hydrophobic groove on the surface of CMG2. This loop has been shown to be important for dictating pHdependent interactions between PA and CMG2, and determines the pH threshold for pore formation 22, 23 -for an excellent review, see Ref. 24 . The loop sits at the interface between D4 and D2. One possibility for the increase in stability of PA is that CMG2 stabilizes domain-domain interactions between D2 and D4, and this increases the overall stability of PA, including that of D4. Support for this model comes from our previous study, 4 whereby addition of CMG2 reduces the rate of His-HDX not only of His616 in D4, but also His336, which lies at the interface between D2 and D4. Stabilizing domain-domain interactions between D2 and D4 would decrease domain flexibility between the two domains, and may strengthen noncovalent interactions throughout the PA protein. 25 It will be of interest in future experiments to investigate whether the VWA domain of tumor endothelial marker 8 (TEM8), which is not projected to bind to the D2 b3-b4 loop, increases the stability of PA. D4 is the site of several epitopes for toxin neutralizing monoclonal antibodies, 26, 27 and likely contains dominant epitopes recognized by antibodies during vaccination. However the use of isolated D4 (as opposed to full-length PA) as a potential vaccine candidate has had mixed results in terms of showing an increase in toxin neutralizing antibodies.
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Previously, we showed that the thermal stability of isolated D4 is low ($37 8 C), and based on this data, we surmised that the ineffectuality of isolated D4 as a vaccine could be due simply to the fact that it is unstable, and is likely to be more rapidly degraded upon administration. Although the current study would indicate that CMG2 does not increase the thermodynamic stability of D4, improvements in the stability of isolated D4 through structure-based design methods 2 may ultimately lead to a more stable D4 and potentially a much-needed and better anthrax vaccine.
